Conidia of Aspergillus nidulans had a very low activity of a high affinity ammonia transport system. During germination the activity increased, reaching a maximum soon after the onset of exponential growth. The activity in germinated conidia varied with the nitrogen source in the germination medium. Analyses of intracellular ameonia and amino acids revealed that a low level of ammonia transport activity was associated with a high intracellular concentration of glutamine and vice versa. The intracellular concentration of glutamine is probably involved in repression of synthesis of the ammonia transport system. It is suggested that glutamine and asparagine (rather than ammonia itself) regulate the pre-formed ammonia transport system by inhibition from within the intracellular pool. It is concluded that glutamine and glutamine synthetase may be more important in the regulation of some aspects of nitrogen metabolism rather than ammonia and glutamate dehydrogenase as has been previously suggested. Cook & Anthony (1978) have shown that there is a single active transport system for ammonia and its analogue methylamine in germinated conidia of Aspergillus nidulans, the activity being measured with [14C]methylamine. Intracellular ammonia or a metabolite of ammonia has been implicated in the regulation, by inhibition and repression, of the active transport system for acidic amino acids in germinated conidia of this organism (Robinson et al., 1973b ) and a similar mode of regulation has been suggested for the regulation of the transport of ammonia itself (Anthony & Cook, 1973) . This suggestion is supported by the work of Pateman et al. (1973) who have proposed a complex heuristic model for regulation in A. nidulans based on measurements of ammonia pool sizes and of various enzymes and transport systems involved in nitrogen metabolism in a variety of mutant strains. Important proposals were that intracellular ammonia and membranebound glutamate dehydrogenase are involved in the regulation of ammonia transport. The present paper tests this aspect of their model.
I N T R O D U C T I O N
Variation in the specific activity of a transport system may arise either by a change in the activity of pre-formed system or by a change in the rate of its synthesis. It is difficult to distinguish directly between these two modes of regulation because transport systems cannot be assayed in cell-free extracts.
In the present paper this difficulty has been overcome by two types of experiment, both involving the measurement of intracellular pool concentrations of ammonia and of amino acids. The first type involved measurement of transport activity and pool concentrations during nitrogen starvation of germinated conidia having an initial low transport activity. The second type involved measurement of changes, during incubation with a were extracted with trichloroacetic acid (5 %, w/v) twice for 10 min at 2 "C. After centrifugation to remove cell debris, the supernatant was further extracted with two 50 ml volumes of diethyl ether to remove trichloroacetic acid. The extracts were stored at -20 "C and assayed for ammonia and amino acids using a JEOL 6L amino acid analyser. Equal volumes of trichloroacetic acid extract were injected into the basic and acidneutral columns of the analyser. L-Norleucine (50 nmol m1-l) was added to the extract as an internal standard. To calculate the concentration of amino acids in the intracellular pool it was assumed that the intracellular volume of germinated conidia is three times their dry weight (Pall, 1970; Robinson et al., 1973 b) . Glutamine and asparagine were not hydrolysed during analysis and the concentrations of ammonia were the same when assayed by the automatic analyser and by the glutamate dehydrogenase method (Cook & Anthony, 1978) , indicating that there was no substantial hydrolysis of any amino acid to ammonia during analysis.
Storage of conidial extracts for up to 2 months at -20 "C led to no loss of amino acids.
It should be emphasized that many of the conclusions in this paper assume that all amino acids and ammonia are extracted with more or less equal efficiency. This cannot be readily tested but no evidence to the contrary was ever obtained. It is also feasible that separate 'regulatory pools' of ammonia and amino acids occur. If the concentrations in these pools do not reflect the overall concentrations as measured in the present work then it is difficult to evaluate the evidence with respect to the nature of metabolites regulating the ammonia transport system.
Incorporation of ~-[~H]leucine into protein and of [3H]uridine into RNA. The method used to determine the incorporation of L- [4,5-3H] leucine into protein by germinated conidia was that described by Robinson et al. (1973 b) . For measurement of RNA synthesis, conidia were germinated, harvested and resuspended in various media as indicated in Results. After 10 min incubation at 30 "C, [5,-3H] uridine [6-6 nM; 2 pci (6.6 pmol)-'] was added. The conidia were further incubated and harvested at the appropriate time. Weighed samples of conidia were extracted by the method of Tisdale & DeBusk (1972) . The conidia were extracted in trichloroacetic acid (lo%, w/v) for 30 min at room temperature. The extracts were centrifuged and the supernatants discarded. The pellets were resuspended in 5 ml distilled water and filtered under vacuum through a Millipore filter (type HAWP, 0-45 pm pores, 25 mm diam.), washed twice with 5 ml volumes of cold (2 "C) distilled water, sucked dry and added to 10 ml butyl-PBD scintillation fluid (Cook & Anthony, 1978) for determination of radioactivity.
Measurement of transport of [14Cc]methylurnine. Methods were as previously described (Robinson et al., 1 9 7 3~; Cook & Anthony, 1978) . The initial rate of uptake was expressed as pmol substrate transported (g dry wt)-l min-l. The specific activity of the transport system was expressed as units (g dry wt)-I, one unit being defined as a rate of transport of 1 pmol substrate min-' at 30 "C at pH 6.5. In all experiments the ammonia transport system was assessed by measuring the transport of [14C]-methylamine (20 ,UM) as described in Methods. The morphology of germinating conidia was observed under a phase-contrast microscope at intervals during germination. For the first 2 h the diameter of the conidia was 3.1 Fm. After this time the diameter increased until at 8 h more than 90 yo of the germinating conidia had a diameter of 5 pm. At 9 h conidia were seen to darken and by 10 h more than 90% had visible germ tubes.
RESULTS
Activity of the ammonia transport system Activity during germinatiun. The specific activity of the ammonia transport system was very low in conidia [O-005 units (g dry wt)-l] but increased 400-fold after germination in a glutamate medium for 10 h, and subsequently decreased to 2.5% of the maximum level. Maximum activity was associated with germ tube emergence and the onset of exponential growth (Fig. 1) . By contrast, activity remained low in conidia germinated with ammonia as the nitrogen source ; the specific activity increased 1 &fold during germination but reached only 2.5 yo of the maximum measured in glutamate-germinated conidia.
The total concentration of the ammonia/amino acid pool was greater at the time of germ tube emergence in ammonia-germinated conidia than in those germinated with glutamate (Tables 1 and 2 ). During germination, the total pool concentration was greatest at approximately 8 to 10 h; this was probably associated with the elevated protein synthesis occurring during germ tube production. During germination with ammonia (Table 2) , the glutamine, asparagine and ammonia pool concentrations were very high compared with the concentrations in glutamate-germinated conidia, the variation in size of the glutamine pool being most marked. This suggested that one of these compounds (or a combination of them) might be important in the regulation of the ammonia transport system. Activity in conidia germinated with various nitrogen sources. When ammonia, urea or L-glutamine (either singly or in mixtures) were present in the germination medium there was a very low level of transport activity (Table 3) . These results are similar to those for glutamate transport (Robinson et al., 1973b) and indicate that ammonia and/or glutamine play a role in the regulation of ammonia transport. When asparagine was the sole nitrogen source there was a 10-fold higher activity than in conidia germinated with glutamine or ammonia, indicating that asparagine is not as effective as glutamine and ammonia in this regulation. Regulation of the ammonia transport system by repression of its synthesis Effect of nitrogen starvation on ammonia transport activity of ammonia-germinated conidia. If the low activity of the system with ammonia-germinated conidia is a result of repression of synthesis or inhibition of a pre-formed transport system by intracellular nitrogen compounds, then a period of nitrogen starvation should lead to increased transport activity. To investigate this possibility, ammonia-germinated conidia were incubated for 3 h either with ammonia (25 mM) or in nitrogen-free medium (with or without cycloheximide, 10 pg ml-1) and the ammonialamino acid pool concentrations and ammonia transport activity were measured. Protein and RNA synthesis were also monitored during this experiment (see below). Incubation with ammonia for a further 3 h had little effect on the composition of the amino acid pool or on ammonia transport activity ( Fig. 2a; Table 4 ). By contrast, nitrogen starvation for a similar period led to a 20-fold increase in the specific activity of the ammonia transport system, a high proportion of this increase occurring during the second hour of incubation. Intracellular glutamine completely disappeared during the first hour of the incubation during which time there were also substantial reductions in the intracellular concentrations of asparagine, alanine, ammonia and glutamate. During the latter part of the incubation there was an increase in the pool sizes of most amino acids and ammonia; this was possibly the result of protein hydrolysis arising from the nitrogen starvation (see Meyers & Knight, 1973) .
Cycioheximide, an inhibitor of protein synthesis, prevented the increase in transport activity but did not prevent the concentration of glutamine from falling to zero during the first hour of the incubation (Table 4) .
These results suggest that, during nitrogen starvation of ammonia-germinated conidia, Fig. 2 . Effect of nitrogen starvation on the specific activity of the ammonia transport system and on protein and RNA synthesis. Conidia were germinated for 10 h at 30 "C with ammonia (25 m~)
as the sole nitrogen source, and then harvested and resuspended (2 mg dry wt ml-l) in various growth media. Some incubation media contained cycloheximide to inhibit protein synthesis; some (b) contained ~-[4,5-~H]leucine (0.1 mM; 0.2 pCi ymol-l) to measure protein synthesis; and some ( c ) contained [S3H]uridine [6.6 nM; 2 pCi (6.6 pmol)-l] to measure RNA synthesis. The conidia were incubated for 1, 2 or 3 h; they were then harvested and the ammonia transport system (a), protein (b) and RNA ( c ) synthesized during these times was measured as described in Methods.
0, Nitrogen-free medium; C , ammonia (25 mM); A, nitrogen-free medium containing cycloheximide (10 j i g ml-l); -I_, ammonia (25 mM) added to nitrogen-free medium after 2 h incubation.
the increase in activity was probably due to derepression of synthesis of the transport system resulting from a decrease in the intracellular concentration of glutamine. That there was no increase in transport activity when the intracellular concentration of glutamine decreased in the presence of cycloheximide shows that de-inhibition of a pre-formed transport system is not the regulatory mechanism by which nitrogen starvation of ammoniagerminated conidia led to greatly increased ammonia transport activity. This, however, does not preclude the possibility that, once formed, the transport system is regulated by inhibition from within the cells (see below).
Incorporation of L-[4,5J H]leucine into protein and [5-3H]uridine into R N A by nitrogenstarried conidia.
Conidia incubated with ammonia synthesized protein at a high rate (Fig.  26) , as would be expected of nitrogen-sufficient, exponentially growing conidia. The rate of protein synthesis in nitrogen-starved conidia was 70 "/o lower, on average, than in nitrogensufficient conidia. Cycloheximide almost totally inhibited protein synthesis. The results Table 4 .
Intracellular concentrations of ammonia and amino acids in ammonia-germinated conidia incubated in various media
Conidia were germinated for 10 h at 30 "C with ammonia (25 mM) as the sole nitrogen source. The germinated conidia were harvested, resuspended [2 g wet wt (100 ml)-l] in various media (as indicated) and incubated at 30 "C Fig. 3 . Effect of incubation of glutamate-germinated conidia with glutamine or asparagine on the specific activity of the ammonia transport system and on the glutamine and asparagine concentrations within the intracellular pool. Conidia (approx. lo7 ml-I) were germinated for approximately 10 h at 30 "C in a liquid medium containing glutamate (25 m) as the sole nitrogen source.
Harvested conidia were incubated in uptake assay medium plus in Fig. 2(c) show that during the first hour of incubation there was little difference in the rate of RNA synthesis between nitrogen-starved and nitrogen-sufficient conidia. In the subsequent two hours of nitrogen sufficiency there was a steady rate of RNA synthesis. A similar result was recorded for nitrogen-starved conidia in the presence of cycloheximide. During the second hour of nitrogen starvation in the absence of cycloheximide there was a rapid increase in the synthesis of RNA which coincided with the increase in the specific activity of the ammonia transport system. These observations are consistent with the conclusion that the increase in transport activity during nitrogen starvation of ammonia-germinated conidia results from derepression of synthesis of the ammonia transport system.
Regulation of the ammonia transport system by inhibition
Effect of ammonia on nitrogen-starved conidia. When ammonia-germinated conidia were starved of nitrogen for 2 h and then incubated with ammonia for 1 h, ammonia transport activity was reduced by 98 yo and the total concentration of ammonia and amino acids increased fivefold ( Table 4) . The elevated pool concentrations were mainly due to large increases in glutamine (100-fold) and in alanine, glutamate and ammonia (three-to fourfold); all other amino acids increased to some extent with the exception of leucine, phenylalanine and tyrosine. These large increases were probably the result of rapid metabolism of ammonia to provide amino acids for the growth of the previously nitrogenstarved conidia. The rapid and large decrease in transport activity correlated with the very large increase in glutamine concentration strongly suggests that the ammonia transport system, once formed, is regulated by inhibition by intracellular glutamine. This conclusion was confirmed by the following experiment in which a high initial rate of ammonia transport was ensured by germinating the conidia on glutamate. Eflect of glutamine and asparagine on the activity of the preformed ammonia transport system. Incubation of glutamate-germinated conidia with glutamine (0.2 mM) for up to 20 min led to a progressive decrease in activity which correlated inversely with an increase in the glutamine concentration in the cells (Fig. 3 a ; Table 5 ). Doubling the pool concentration of glutamine halved the activity of the ammonia transport system; no other amino acid or ammonia showed any such correlation. The rapidity of the decrease in activity was not consistent with dilution of components of the transport system or with protein breakdown. As glutamine was the only compound increasing in concentration during the short incubation, it is concluded that glutamine inhibits the pre-formed system in germinated conidia.
Incubation with asparagine (0.2 mM) gave similar results to those obtained with glutamine ( Fig. 3b; Table 6 ). During the first 10 min, there was a 75% decrease in the transport activity associated with an increase in both asparagine and glutamine pool concentrations. In the next 10 min, the glutamine concentration decreased and there was an equivalent increase in asparagine concentration. That the transport activity remained inhibited during this period suggests that asparagine also inhibits the transport system. The inverse correlation between transport activity and the combined glutamine plus asparagine concentrations (Fig. 4) supports the suggestion that the ammonia transport system is inhibited by both glutamine and asparagine. 
DISCUSSION
The results in the present paper indicate that the system for active transport of low concentrations of ammonia was absent in conidia of A. nidulans and that its synthesis was repressed during germination by high intracellular concentrations of glutamine. Nitrogen starvation of ammonia-germinated conidia resulted in a large reduction in the glutamine pool concentration with concomitant derepression of the transport system which was also shown to be subject to inhibition by intracellular glutamine and asparagine. (See note of caution, in Methods, with respect to interpretation of concentrations of extracted amino acids and ammonia.)
When conidia were germinated with asparagine as the sole nitrogen source, the transport activity was 10-fold higher than in those germinated with glutamine or ammonia, indicating that asparagine may not be as effective as glutamine in repressing the synthesis of the ammonia transport system. The activity of the pre-formed system was, however, more sensitive to inhibition by intracellular asparagine than it was to glutamine.
The function of the high affinity ammonia transport system is probably not the 'bulk' transport of ammonia (Cook & Anthony, 1978) . Nitrogen starvation of germinated conidia resulted in a rapid increase in activity after a lag period of approximately 1 h indicating that synthesis of the transport system is specifically derepressed in response to nitrogen starvation. These observations suggest that the system functions as a scavenger for ammonia during nitrogen starvation. A similar function has been ascribed to the ammonia transport system of Penicillium chrysogenum (Hackette et al., 1970) . If the system is an ammonia scavenger, active during nitrogen starvation, then its derepressed synthesis during germination on alanine, arginine, glutamate, glycine, phenylalanine or nitrate must be explained. These nitrogen sources were sufficient for germination and subsequent growth of conidial germ tubes and all, with the exception of nitrate, contributed to the carbon metabolism of the organism. Carbon catabolite repression by glucose of glutamate transport is known to occur (Hynes, 1973) and it is possible that glucose also controls the assimilation of other amino acids. Glucose (1%) was always present as the carbon source during germination in the experiments described in the present work and it is suggested that the flow of a-amino nitrogen from amino acids may be so stringently controlled by glucose that a state of nitrogen deprivation may have occurred which allowed the derepression of the ammonia transport system. Previous workers on ' ammonium' regulation in A. nidulans have concluded that ammonia itself is the regulatory molecule, rather than glutamine or asparagine as appears to be indicated by the data in the present paper. This difference in conclusions reflects the different experimental approaches used ; our observations do not markedly disagree with previous observations where the experiments have been similar. The most thoroughly described model for regulation has been that of Pateman et al. (1973) . These workers proposed a unifying hypothesis to account for ' paradoxical and complex relationships between ammonium transport and the ammonium regulation of various transport and enzyme systems' in a wide variety of mutants. The demonstration in the present paper that intracellular glutamine and asparagine may be the regulators of ammonia transport suggests that the model may be incorrect in its proposal that the ' intracellular ammonium concentration affects the level of ammonium uptake'.
It is possible that the levels of glutamine and asparagine (rather than ammonia) function in the regulation of nitrogen metabolism by reflecting the flow or amount of nitrogen for biosynthesis. This conclusion directs attention to the possibility that glutamine synthetase may well have a more significant role in the regulation of some aspects of nitrogen metabolism than does glutamate dehydrogenase as previously proposed in the model of Pateman et al. (1973) . Similar studies to those described here using mutants lacking glutamine I 9 M I C I09
